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Abstract. We study self-consistency for the pulsar polar 
cap model. In general, there will remain an unscreened 
electric field at the pair production front (PPF). We have 
derived the condition of electric field screening by pairs in 
the presence of returning particles. A previous belief that 
pairs with a density higher than the Goldreich-Julian den- 
sity immediately screen out the electric field beyond PPF 
is unjustified. Pairs have little contribution on screening 
the electric field, and the geometrical screening is the only 
known way of getting a finite potential drop. 



1. Introduction 

One of the promising models for the pulsar action is the 
polar cap model where the field-aligned electric field ac- 
celerates charged particles up to TeV energies, and causes 
an electromagnetic shower. The potential drop is normally 
thought to be confined in a small region: the field-aligned 
electric field is screened out at the both ends of the ac- 
celerator (Fig. 1). The polar cap potential drop is a part 
of the electromotive force produced by the rotating mag- 
netic neutron star. The voltage drop is a few percent of the 
available voltage for young pulsars, while it becomes some 
important fraction for older pulsars. The localized poten- 
tial is maintained by a pair of anode and cathode regions, 
the formation mechanism of which is the long issue of the 
polar cap accelerator. 

2. Pair Production Front (PPF) and Screening 

If the field-aligned electric field is formed to accelerate par- 
ticles up to the Lorentz factor of 10 6 — 10 7 , then a num- 
ber of curvature gamma-photons convert into electron- 
positron pairs under strong magnetic field ~ 10 12 G above 
a surface, which may be called the pair production front 
(PPF). The expected multiplicity — number of pairs pro- 
duced by one primary particle — is typically 10 3 within a 
distance ~ 10 5 cm. 

In a number of literatures, it is assumed that the 
field-aligned electric field is screened out above PPF be- 
cause the density of pairs is higher than the Goldreich- 
Julian (GJ) density. However, this screening process had 




Fig. 1. localized potential drop 



not been studied in detail. Shibata, Miyazaki & Takahara 
(1998) showed that pair polarization is not efficient even if 
pair density is much higher than the GJ density. In their 
work, presence of the particles reflected backward by un- 
screened electric field was ignored. In this paper, taking 
the backward-moving particles into account, we derive an 
expression for the steady screening at PPF. 
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3. Model 

Let us consider a model for the steady accelerator which 
has a finite potential drop along the magnetic field with 
the electric field screened at the both ends. For definite 
sign of charge, let us assume electrons are accelerated out- 
wards, i.e., the electric field points toward the star. 7-rays 
emitted by the electrons convert into pairs beyond PPF 
continuously. 

Schematic picture of the screening region is shown in 
Fig. 2. At the top panel, electrons are accelerated to the 
right, so the electric field points to the left. The gamma- 
rays emitted by the electrons are converted in to pairs 
above PPF (the right side of PPF in the figure). Since 
the pairs are created almost continuously in a half space 
to the right of PPF. the pair- flux monotonically increases 
with the coordinate x along the magnetic lines of force, 
where curvature is ignored since the scale considered here 
is very short. 

The second panel indicates the pair flux F(x), which is 
defined as the number of pairs created below x. The mul- 
tiplication factor m(x) may be much convenient: F(x) = 
w(x)jo where jo is the primary flux of electrons coming 
up from a region below PPF. 

Here, it must be reminded that why the accelerating 
electric field is formed below PPF. The electric field well 
within the light cylinder is conveniently decomposed by 
the co-rotational and non-corotational fields: 

£= — xB-V$, (1) 

c 

where $ is the non-corotational electric potential, and field 
aligned electric field is given by -Em = — B ■ V0/-B. The 
Poisson equation for $ reads 

-V 2 = 47r(p- Po ), (2) 

where pa w HB z /2irc is the GJ charge density. From this 
expression it follows that the anode region is formed where 
p > pa, and the cathode region is formed where p < pa- 
in the screened region, p = pa- 
in, our sign convention, the GJ density is negative, and 
electronic flow with super-GJ density can produce cath- 
ode (negative) region, which is located above the stellar 
surface (see Fig. 1). There must be such a negative region 
below the PPF. Above PPF, created pair positrons will 
be returned back by the electric field, so they can destroy 
the cathode region. This fact sets a constraint to the flux 
of pair positrons. In the problem of electric field screen- 
ing, one needs an anode region where the effective charge 
p — pa is positive. There are two possible ways of produc- 
ing the anode region. One is the 'geometrical effect', and 
the other is pair polarization. 

The geometrical effect is cased by the fact that the 
GJ charge density is proportional to the magnetic com- 
ponent along the rotation axis B z while the charge den- 
sity of the electronic flow is proportional to the magnetic 



field strength, or equivalcntly inversely proportional to the 
cross sectional area of the magnetic flux tube if the flow 
velocity is w c (constant). Therefore, if the flow is curving 
toward the rotation axis, the GJ density decreases slower 
than the primary electronic charge density so that the elec- 
tronic charge is insufficient to compensate the GJ density, 
and the anode is formed. This effect is effective, and the 
accelerating electric field can be terminated without pair 
creation. Although geometrical screening is effective, PPF 
can in general appear before geometrical screening. If this 
is the case, dynamics of pairs just after PPF will be im- 
portant. 

Our interest in this paper is not the geometrical screen- 
ing but the pair effect. In general, at PPF, whatever values 
of the effective charge can be; it can even be negative so 
that anode formation relay only on pair polarization. 

As shown in Fig. 2, pair electrons arc accelerated while 
pair positrons arc decelerated after their birth. As far 
as the speed of pair positron is relativistic, net space 
charge due to pairs are essentially zero. However, once 
the pair positron become non-relativistic, positive space 
charge appears owing to charge conservation. This is the 
effect which produces anode charge. If the electric field is 
strong enough, some positrons are reflected backward and 
weaken the cathode space charge. Assuming steadiness, 
one can relate the strength of the electric field to the pair 
creation rate, the returning positron flux, and the effective 
space charge before PPF. If the pair creation rate is more 
or less uniform, one can do this analytically as shown in 
the following section. Then, we have an screening condi- 
tion. 

4. Results 

If the pair creation rate is more or less uniform, the screen- 
ing condition with returning positron can be derived an- 
alytically. Detailed calculation will be published near fu- 
ture, but main results are discussed below. 

The field-aligned electric field E\\ at PPF is screened 
if the following two conditions are satisfied: 

X -E} = ja+lM* ~ M + C] - 0' - Jo - J'Mi)^. (3) 

Ps = ja^l - 20i) - (j - ja - Mrf) > 0. (4) 

is just the result of Gauss' law: a condition for giv- 
ing the column positive charge to screen the electric field. 

is the positivencss of the space charge density at the 
screening surface where E\\ vanishes. 

E{ is the normalized electric field to be screened: 
Ef = (eA /mc 2 )-E||, where A = ^/c 2 /20fi B = 2.0 cm 

B^^P 1 ^ 2 is the Dcbye length of typical GJ plasma. For 
10 12 Volt acceleration in 10 4 cm, Ef ~ 100. j is the pri- 
mary electronic current density in units of the typical 
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Fig. 2. Schematic picture of screening region 



GJ density: j = J /{—SIB /2-k). is the pair multiplic- 
ity — number of pairs produced by one primary elec- 
tron — in an unit breaking distance A*, with which a 
non-relativistic particle turns by the unscreened electric 
field, i.e., e-EiiA* = mc 2 . In non-dimensional form, this 



distance is 1/Ef. 4>i is defined in such a way that a pair 
positrons produced in between = (PPF) and <j>\ are 
reflected backward, and therefore M\ = a^^'i gives the 
returning multiplication factor, i.e., jM\ = jot^i gives 
the returning positron flux, jo is the normalized (local) 
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GJ charge density: jo — B z /B. £: a numerical factor de- 
termined by the Lorentz factor at the birth of pairs; e.g., 
for 7birth - 100, C = 1-7. 

5. Application 

Positive space charge by pair polarization is little. A pre- 
vious belief that pair creation with a pair density higher 
than the Goldrcich- Julian density immediately screen out 
the electric field is unjustified. This is because 

(1) only the non-relativistic positrons can provide positive 
space charge, 

(2) the non-relativistic positrons are reflected backward 
by the electric field and leave the pair electrons behind, so 
that a negative space charge is produced in the screening 
region where the positive charge is required. 

In the case where geometrical screening is ineffective, 
more specifically, j — jo — jM\ > 0, we have a condition 
on the multiplication factor produced in unit breaking dis- 
tance A* at PPF: 

(5) 



8irmc 2 no('j 



which indicates that if j ~ 1, a multiplication factor of 10 3 
is required in 0.01 cm. This condition will not be satisfied 
in the pulsar magnctosphcrc. 

Thus the geometrical screening (toward curvature) is 
the only known way of screening, i.e., in (^|), the positive 
effective charge — j + jo + jM\ > last in an appropriate 
distance (until the electric field is screened out or weak- 
ened enough to be screened by pair polarization) . Even on 
toward curved field lines, if the current density is super- 
GJ, or if Eii at PPF is not so weakened, then there is 
no way of maintaining a steady potential drop along field 
lines. 

Difficulty in pair screening is always true for field lines 
curving away from the rotation axis regardless of the 
strength of the current density. 

In our analysis, we do not take interaction between 
the particle beams into account. Beam instability may 
produce some frictional force on returning positrons and 
enlarge positive space charge. Time dependent behavior 
such as repetition of acceleration and screening may be 
an alternative way for a self-consistent model. 
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